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ABSTRACT
Voltage-gated Na+FKDQQHOV9*6&VPHGLDWHDFWLRQSRWHQWLDO¿ULQJDQGUHJXODWH
adhesion and migration in excitable cells. VGSCs are also expressed in cancer cells. 
In metastatic breast cancer (BCa) cells, the Na
v
ĮVXEXQLWSRWHQWLDWHVPLJUDWLRQ
and invasion. In addition, the VGSC-inhibiting antiepileptic drug phenytoin inhibits 
tumor growth and metastasis. However, the functional activity of Na
v
1.5 and its 
VSHFL¿FFRQWULEXWLRQWRWXPRUSURJUHVVLRQin vivo has not been delineated. Here, we 
found that Na
v
1.5 is up-regulated at the protein level in BCa compared with matched 
normal breast tissue. Na+ current, reversibly blocked by tetrodotoxin, was retained 
LQFDQFHUFHOOVLQWXPRUWLVVXHVOLFHVWKXVGLUHFWO\FRQ¿UPLQJIXQFWLRQDO9*6&DFWLYLW\ 
in vivo. Stable down-regulation of Na
v
H[SUHVVLRQVLJQL¿FDQWO\UHGXFHGWXPRU
growth, local invasion into surrounding tissue, and metastasis to liver, lungs and 
spleen in an orthotopic BCa model. Na
v
1.5 down-regulation had no effect on cell 
proliferation or angiogenesis within the in tumors, but increased apoptosis. In vitro, 
Na
v
1.5 down-regulation altered cell morphology and reduced CD44 expression, 
suggesting that VGSC activity may regulate cellular invasion via the CD44-src-cortactin 
signaling axis. We conclude that Na
v
1.5 is functionally active in cancer cells in breast 
WXPRUVHQKDQFLQJJURZWKDQGPHWDVWDWLFGLVVHPLQDWLRQ7KHVH¿QGLQJVVXSSRUWWKH
notion that compounds targeting Na
v
1.5 may be useful for reducing metastasis.
INTRODUCTION
Metastasis is the main cause of morbidity and 
mortality from solid tumors, including breast cancers (BCa) 
[1, 2]. Thus, there is a an urgent need to better understand 
the mechanism(s) involved in metastasis in order to identify, 
characterize and validate new molecular targets [3].
Various classes of ion channels, including voltage-
gated Na+ channels (VGSCs), play major roles in cancer 
progression [4, 5]. VGSCs are heteromeric protein 
FRPSOH[HVFRQWDLQLQJSRUHIRUPLQJĮVXEXQLWV1D
v
1.1-
Na
v
 DQG VPDOOHU QRQSRUHIRUPLQJ ȕ VXEXQLWV ȕ
ȕZKLFKDUHDOVRFHOODGKHVLRQPROHFXOHV&$0V>@
9*6&VDUHFODVVLFDOO\UHVSRQVLEOHIRUWKHLQÀX[RI1D+ 
underlying the action potential in electrically excitable 
cells. VGSCs are therefore well-established clinical targets 
for the treatment of a range of neurological disorders [7]. 
9*6&ĮDQGȕVXEXQLWVSOD\DFULWLFDOUROHGXULQJFHQWUDO
nervous system (CNS) development, regulating electrical 
excitability, proliferation, fasciculation, neurite outgrowth, 
SDWK¿QGLQJDQGPLJUDWLRQ>@,QDGGLWLRQWKH1D
v
Į
subunit (gene, SCN5A) is highly expressed in the heart, 
where it underlies the cardiac action potential, is required 
for normal heart development, and is the target of a 
number of antiarrhythmic drugs [9–11]. Thus, regulation 
of tissue and organ development may be a general feature 
of VGSCs, both in the CNS and the heart. Emerging 
evidence suggests that VGSCs are also widely expressed 
in cells traditionally considered to be non-excitable, 
LQFOXGLQJDVWURF\WHV¿EUREODVWVLPPXQHFHOOVPLFURJOLD
and cancer cells [12].
Na
v
1.5 is expressed in metastatic triple-negative 
(lacking estrogen receptor, progesterone receptor, and 
+(50'$0%FHOOVZKHUHLWHQKDQFHVPLJUDWLRQ
and invasion through an extracellular matrix in vitro [13, 
@ 6LPLODU ¿QGLQJV LQ FHOOV IURP RWKHU FDQFHU W\SHV
suggest that VGSC activity may be a general feature of 
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tumors [4, 15]. SCN5AP51$ LVXSUHJXODWHG LQEUHDVW
tumors compared to normal breast tissue, and associates 
ZLWKUHFXUUHQFHPHWDVWDVLVDQGUHGXFHGVXUYLYDO>@ 
,QWHUHVWLQJO\ LQ %&D FHOOV 1D
v
1.5 is predominantly 
expressed in its neonatal D1:S3 splice form, and it is this 
splice variant that is responsible for VGSC-dependent 
invasion [14, 17]. Na+ current carried by Na
v
1.5 potentiates 
invasion via regulation of the Na+/H+ exchanger, NHE1, 
UHVXOWLQJLQORFDOH[WUDFHOOXODUDFLGL¿FDWLRQDQGDFWLYDWLRQ
RIS+GHSHQGHQWF\VWHLQHFDWKHSVLQV>±@,QDGGLWLRQ
Na
v
1.5 is a key regulator of an invasion-promoting gene 
QHWZRUN LQ FRORUHFWDO FDQFHU FHOOV >@ 7KH 9*6& ȕ
subunit is also up-regulated in BCa, and increases tumor 
JURZWKDQGPHWDVWDVLV>@7KXV9*6&ĮDQGȕVXEXQLWV
may both play a role in cancer progression. We have found 
WKDW WKH 9*6&LQKLELWLQJ &ODVV ,E DQWLDUUK\WKPLF DJHQW
DQGDQWLHSLOHSWLFGUXJSKHQ\WRLQVLJQL¿FDQWO\UHGXFHV1D+ 
FXUUHQWLQ0'$0%FHOOVin vitro>@DQGUHGXFHV
proliferation, tumor growth and metastasis in vivo [23]. 
+RZHYHU WKH VSHFL¿F FRQWULEXWLRQV RI 1D
v
1.5 to tumor 
growth, invasion and metastasis in vivo have not been 
previously investigated.
The purpose of the present study was to investigate 
WKH VSHFL¿F LQYROYHPHQWRI1D
v
1.5 in BCa progression 
in vivo. We show that Na
v
1.5 is up-regulated at the protein 
level in human BCa samples compared with normal 
EUHDVWWLVVXH,QDGGLWLRQXVLQJVOLFHUHFRUGLQJZHVKRZ
IRUWKH¿UVWWLPHWKDW1D+ currents exist in tumor tissue, 
FRQ¿UPLQJWKDW9*6&VDUHIXQFWLRQDOO\DFWLYHLQDFXWHO\
prepared ex vivo tumor tissue preparations. Furthermore, 
stable down-regulation of Na
v
XVLQJOHQWLYLUDOVK51$
VLJQL¿FDQWO\ UHGXFHV WXPRU JURZWK ORFDO LQYDVLRQ DQG
metastasis in vivo. We propose that Na
v
1.5 is functionally 
active in breast tumors, enhancing both tumor growth 
DQGPHWDVWDVLV7KHVH¿QGLQJVVXJJHVWWKDW1D
v
1.5 should 
be further studied both as a potential biomarker and a 
therapeutic target.
RESULTS
Na
v
1.5 is up-regulated in breast tumors
We have previously shown that SCN5A is up-
UHJXODWHGDWWKHP51$OHYHOLQEUHDVWWXPRUVFRPSDUHGWR
QRUPDOQRQFDQFHUWLVVXH>@$VPDOOTXDOLWDWLYHVWXG\
(n UHYHDOHGDVLPLODUXSUHJXODWLRQRIH[SUHVVLRQRIWKH
neonatal Na
v
1.5 splice variant at the protein level [14]. Here, 
we studied the expression of Na
v
1.5 at the protein level in 
KXPDQ WLVVXH VDPSOHV E\ LPPXQRKLVWRFKHPLVWU\ ,+&
using an antibody that recognizes both adult and neonatal 
splice variants [21]. Na
v
1.5 was expressed in the cytoplasm 
and at the plasma membrane of normal epithelial and 
FDUFLQRPDFHOOV)LJXUH$%$QWLERG\VSHFL¿FLW\ZDV
FRQ¿UPHGLQEUHDVWWXPRUWLVVXHDQGUDWKHDUWWLVVXHZKHUH
Na
v
1.5 is highly expressed, by absence of staining following 
pre-incubation with the immunizing peptide (Figure 1C and 
6XSSOHPHQWDU\ )LJXUH 6$±6& ,PSRUWDQWO\ 1D
v
1.5 
H[SUHVVLRQZDVVLJQL¿FDQWO\KLJKHULQWXPRUWKDQLQPDWFKHG
surrounding non-cancer breast tissue (P)LJXUH
(,QWHUHVWLQJO\WKHSURSRUWLRQRIFDVHVZLWKDUHFRUGHG
lymph node metastasis was ~3-fold larger for tumors with 
high Na
v
1.5 expression, than for those with low Na
v
1.5 
H[SUHVVLRQDOWKRXJKWKLVZDVQRWVWDWLVWLFDOO\VLJQL¿FDQWP 
 6XSSOHPHQWDU\7DEOH67KH1D
v
1.5 expression 
level in the primary tumor did not correlate with age, ER 
VWDWXV JUDGH PHQRSDXVDO VWDWXV RU \HDU %&DVSHFL¿F
survival (Supplementary Table S1). However, the Na
v
1.5 
H[SUHVVLRQOHYHOVWURQJO\FRUUHODWHGZLWKȕH[SUHVVLRQLQ
adjacent sections from the same tumor samples (P
Figure 1Biii, 1D, 1F) [22]. Western blotting across a panel 
of BCa cell lines and the non-cancer mammary epithelial 
FHOOOLQH0&)$UHYHDOHGWKDW1D
v
1.5 is highly expressed 
LQWKHVWURQJO\PHWDVWDWLF0'$0%FHOOOLQHEXWLV
not detected in other, less invasive BCa or normal epithelial 
cell lines (Figure 1G). This is consistent with previous 
observations indicating that the neonatal splice variant of 
Na
v
LVDEVHQWIURP0&)FHOOVEXWLVSUHVHQWLQ0'$
0%FHOOV>@,QWHUHVWLQJO\LQFRQWUDVWWRWKHWXPRU
specimens, Na
v
1.5 expression in these cell lines does not 
PDWFKWKDWRIȕZKLFKZHVKRZHGSUHYLRXVO\WREHPRVW
highly expressed in MCF-7 cells [22, 24]. Together, these 
data suggest that Na
v
1.5 is up-regulated in a subset of breast 
tumors at the protein level and its expression may associate 
ZLWKȕLQVRPHWXPRUV
Na+ current is retained in tumors in vivo
Na+ current carried by VGSCs has been detected 
by whole-cell patch clamp recording of cultured cell lines 
from a number of different cancers [13, 14, 21, 25–29], 
providing direct evidence for functional VGSC expression 
in metastatic cancer cells in vitro,QDGGLWLRQWUHDWPHQW
of prostate tumor-bearing rats with tetrodotoxin (TTX) 
>@DQGEUHDVWWXPRUEHDULQJPLFHZLWKSKHQ\WRLQ>@
or ranolazine [31] reduces metastasis, providing indirect 
evidence for VGSC function in metastatic tumors in vivo. 
However, to date, no group has directly studied functional 
VGSC activity in tumor tissue. To address this gap, we 
next used whole-cell patch clamping to record membrane 
Na+FXUUHQWVLQWLVVXHVOLFHVSUHSDUHGIURPWXPRUV±
GD\V DIWHU RUWKRWRSLF LPSODQWDWLRQ RI 0'$0%
EUHDVWFDQFHUFHOOV )LJXUH$:HUHFRUGHGIURPFHOOV
located on the upper surface of tissue slices at various 
distances from the edge of the tumor (Figure 2B). Tumor 
cells displayed fast inward Na+ currents ex vivo that 
ZHUHVLPLODUWRFXUUHQWVGHWHFWHGLQ0'$0%FHOOV 
in vitroFHOOVUHFRUGHG)LJXUH&±(>
@ ,PSRUWDQWO\77;  ȝ0 UHYHUVLEO\ LQKLELWHG WKH
Na+ FXUUHQWV WKXV FRQ¿UPLQJ WKHVH DV 9*6& FXUUHQWV
(Figure 2F). We next compared the peak Na+ current density 
RIFHOOVDW WKH WXPRUSHULSKHU\PPIURPWKH ODWHUDO
surface of the tissue slice, with cells located deeper within 
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Figure 1: Na
v
1.5 expression in breast cancer. A. Representative images of non-cancer breast tissue and B. breast tumor tissue in 
which Na
v
1.5 was (i) absent, (ii) weakly positive, and (iii) strongly positive. C.$EVHQFHRILPPXQRUHDFWLYLW\LQD³VWURQJO\SRVLWLYH´WXPRU
stained with anti-Na
v
1.5 antibody preincubated with immunizing peptide. D.$GMDFHQWVHFWLRQIURPWKHVDPHWXPRULQ%LLLVWDLQHGZLWK
DQWLȕDQWLERG\>@6FDOHEDUȝP,QVHWVKLJKHUPDJQL¿FDWLRQLPDJHVRIWXPRUFHOOVVFDOHEDUȝPE.0HDQ$OOUHGVFRUHIRU
matched normal breast and tumor samples. Data are mean + SEM (n PDWFKHGFDVHVPF. Na
v
YVȕ,+&VFRUH>@
in adjacent sections from matched tumor samples. Pearson r P6ROLGOLQHOLQHDUUHJUHVVLRQEURNHQOLQHVFRQ¿GHQFH
intervals. G. Western blot of Na
v
H[SUHVVLRQDFURVVDSDQHORI%&DFHOOOLQHV/RDGLQJFRQWURO KHDWVKRFNSURWHLQ+633RVLWLYH
control = HEK293 cells stably expressing Na
v
>@
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Figure 2: Functional Na+ currents are retained in tumors in vivo. A. Tumor preparation for slice recording. Recordings were 
WDNHQIURPFHOOVLQWKHSHULSKHU\PPIURPWXPRUVXUIDFHWKHLQWHUPHGLDWH]RQH!PPDQGPPIURPVXUIDFHDQG
WKHFHQWHU!PPIURPVXUIDFHB.5HSUHVHQWDWLYHLORZPDJQL¿FDWLRQDQGLLKLJKPDJQL¿FDWLRQEULJKW¿HOGLPDJHVRIXSSHUVXUIDFH
RIWXPRUVOLFHSUHSDUHGIRUUHFRUGLQJ3ORFDWLRQRISDWFKSLSHWWHORFDWLRQRIUHFRUGHGFHOO6FDOHEDUVȝPLQLDQGȝPLQLL
C.7\SLFDOZKROHFHOOUHFRUGLQJIURPWXPRUFHOOLQDWLVVXHVOLFHDIWHUGHSRODUL]DWLRQWRYROWDJHVLQWKHUDQJHíWRP9LQP9VWHSV
IROORZLQJDPVSUHSXOVHDWíP9D. Current-voltage relationship of Na+ currents recorded from cells in tumor slices (n = 39, pooled 
across all regions). E.$FWLYDWLRQDQGVWHDG\VWDWHLQDFWLYDWLRQRI1D+ currents recorded from cells in tumor slices. Normalized conductance 
(G/G
max
ZDVFDOFXODWHGIURPWKHFXUUHQWGDWDDQGSORWWHGDVDIXQFWLRQRIYROWDJH1RUPDOL]HGFXUUHQW,,
max
HOLFLWHGE\WHVWSXOVHVDWí
P9IROORZLQJPVFRQGLWLRQLQJYROWDJHSXOVHVEHWZHHQíDQGíP9ZDVSORWWHGDVDIXQFWLRQRIWKHSUHSXOVHYROWDJH'DWDDUH
¿WWHGZLWK%ROW]PDQQIXQFWLRQVnF.7\SLFDOZKROHFHOOUHFRUGLQJVIURPWXPRUFHOOLQDWLVVXHVOLFHIROORZLQJGHSRODUL]DWLRQWRí
P9LQFRQWUROVROXWLRQLIROORZLQJSHUIXVLRQZLWKȝ0WHWURGRWR[LQ77;LLDQGZDVKRXWLLLG. Peak Na+ current density recorded 
from cells in the three indicated tumor regions (n LQSHULSKHU\n = 12 in intermediate region, n = 7 in center). H. Peak Na+ current 
density of cells in tumor slices plotted vs. tumor volume. Pearson r P I. Peak Na+ current density of cells in tumor slices 
plotted vs. number of days following implantation of tumor cells that recordings were made. Pearson r P )RU'(DQG
*GDWDDUHPHDQ6(0)RU+DQG,VROLGOLQHOLQHDUUHJUHVVLRQEURNHQOLQHVFRQ¿GHQFHLQWHUYDOV
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WKHWXPRU!PPDQGPPIURPWKHWXPRUVXUIDFH
DQG!PPIURPWKHVXUIDFH:HIRXQGWKDWWKHUHZDVQR
VLJQL¿FDQWGLIIHUHQFHLQSHDN1D+ current density between 
cells across these regions (Figure 2G). Nor was there any 
difference in membrane voltage, membrane capacitance, 
or other Na+ current parameters (Table 1), suggesting that 
functional VGSC expression is broadly similar between 
tumor cells located in different regions of the tumor. 
Finally, there was no relationship between peak Na+ current 
density and tumor size, or stage at which the recordings 
were taken following orthotopic implantation of the tumor 
FHOOV)LJXUH+,7KHVH¿QGLQJVGHPRQVWUDWHWKDW1D+ 
FXUUHQW LV UHWDLQHGRQ0'$0%FHOOV LQRUWKRWRSLF
tumors in vivo, and expression is broadly similar in cells 
in different tumor regions/sizes/stages. We postulated that 
Na
v
1.5 may be responsible for this Na+ current in tumor 
slices and may potentiate tumor progression in vivo, as it 
does in vitro. We next tested these possibilities.
Stable down-regulation of Na
v
1.5 in MDA-
MB-231 cells
,QRUGHUWRVWXG\WKHVSHFL¿FLQYROYHPHQWRI1D
v
1.5 
in tumor progression in vivo, we stably down-regulated its 
H[SUHVVLRQLQ0'$0%FHOOVXVLQJOHQWLYLUDOVK51$
:HLQLWLDOO\FKDUDFWHUL]HGIRXUGLIIHUHQWVK51$VWKDWHDFK
targeted both the neonatal and adult splice variants of Na
v
1.5, 
FRPSDUHGWRDFRQWUROQRQWDUJHWLQJOHQWLYLUDOVK51$$OO
IRXU VK51$V UHGXFHG WKH P51$ OHYHO RI ERWK 1D
v
1.5 
VSOLFHYDULDQWV6XSSOHPHQWDU\)LJXUH6$6K51$DQG
VK51$ZHUHWKHPRVWHIIHFWLYHDQGIROORZLQJVHOHFWLRQ
RIWUDQVGXFHGFORQHVERWKVK51$VVLJQL¿FDQWO\UHGXFHG
WKHP51$OHYHORIERWK1D
v
VSOLFHYDULDQWVE\a± 
(P   6XSSOHPHQWDU\ )LJXUH 6%7KH ȕ P51$
OHYHOZDVDOVRORZHULQVK51$WUDQVGXFHGFHOOVDOWKRXJK
WKLVZDVQRWVWDWLVWLFDOO\VLJQL¿FDQW6XSSOHPHQWDU\)LJXUH
6&%RWKVK51$DQGVK51$VLJQL¿FDQWO\UHGXFHGWKH
total cellular Na
v
1.5 protein level to a level sub-detectable 
E\ZHVWHUQEORW)LJXUH$
Whole-cell patch clamp recording revealed that both 
VK51$DQGVK51$VLJQL¿FDQWO\ UHGXFHG1D+ currents 
FRPSDUHGWRFRQWUROVK51$H[SUHVVLQJFHOOV)LJXUH%±
'+RZHYHUVK51$ZDVFRQVLGHUDEO\PRUHHIIHFWLYH
reducing peak Na+ FXUUHQW GHQVLW\ E\  vs  IRU
VK51$PDQGPUHVSHFWLYHO\)LJXUH&
'%RWKVK51$DQGVK51$VOLJKWO\EXWVLJQL¿FDQWO\
reduced in vitro SUROLIHUDWLRQ E\ a P  
6XSSOHPHQWDU\)LJXUH6$DOWKRXJKWKH\KDGQRHIIHFWRQ
apoptosis measured by in vitro TUNEL assay (Supplementary 
)LJXUH6%%RWKVK51$DQGVK51$PRGHUDWHO\EXW
VLJQL¿FDQWO\UHGXFHGFHOOXODUPLJUDWLRQPHDVXUHGXVLQJDQ
in vitroZRXQGKHDOLQJDVVD\E\aPDQGP < 
UHVSHFWLYHO\6XSSOHPHQWDU\)LJXUH6$,QWHUHVWLQJO\
VK51$ VLJQL¿FDQWO\ UHGXFHG in vitro LQYDVLRQ E\ 
(P   6XSSOHPHQWDU\ )LJXUH 6% FRQVLVWHQW ZLWK
SUHYLRXVUHSRUWV>@EXWVK51$KDGQRHIIHFW
6XSSOHPHQWDU\ )LJXUH 6% 7RJHWKHU WKHVH ¿QGLQJV
suggest that the relationship between Na
v
1.5 and cellular 
invasion may be both steep [17] and threshold-dependent, 
such that a minimum level of channel knock-down/inhibition 
HJ>@LVUHTXLUHGWRHOLFLWDQHIIHFWRQ
LQYDVLRQ$OWHUQDWLYHO\OHQWLYLUDOWUDQVGXFWLRQRIVK51$
may have led to the selection of cancer cells in which invasion 
is less dependent on Na
v
1.5. Given these possibilities, we 
IRFXVHG RQ WKH PRUH HIIHFWLYH VK51$ IRU VXEVHTXHQW 
in vivo analyses.
Na
v
1.5 down-regulation reduces tumor growth 
and local invasion in vivo
:HQH[WLQYHVWLJDWHGWKHVSHFL¿FHIIHFWRI1D
v
1.5 on 
tumor growth and invasion in vivo. Luciferase-expressing 
0'$0%FHOOVVWDEO\H[SUHVVLQJQRQWDUJHWLQJFRQWURO
VK51$³FRQWUROFHOOV´RUVK51$³VK51$FHOOV´ZHUH
orthotopically implanted into the inguinal mammary fat 
pads of female Rag2íí Il2rgíí mice and tumor growth 
was monitored by non-invasive bioluminescent imaging. 
,PSRUWDQWO\ OXFLIHUDVH DFWLYLW\ ZDV YHU\ VLPLODU LQ
ERWK FRQWURO DQG VK51$ FHOOV 6XSSOHPHQWDU\ )LJXUH
6$ 6% 3KRWRQ ÀX[ IURP VK51$ WXPRUV LQFUHDVHG
more slowly than for control tumors, reaching statistical 
VLJQL¿FDQFH DIWHU  ZHHNV P   )LJXUH ( )
Concurrent monitoring of tumor growth by caliper 
measurement revealed a similar relationship that became 
VWDWLVWLFDOO\VLJQL¿FDQWDIWHUZHHNVWKXVFRQ¿UPLQJWKH
bioluminescent data (P)LJXUH*
+	(VWDLQLQJUHYHDOHGWKDWERWKFRQWURODQGVK51$
tumors were broadly similar, and contained some local 
LQYDVLRQLQWRVXUURXQGLQJWLVVXH,PSRUWDQWO\WKLVLQYDVLRQ
ZDVQRWLFHDEO\ UHGXFHG LQVK51$WXPRUVFRPSDUHG WR
FRQWUROWXPRUVDUURZV)LJXUH$7KHQXPEHURIWXPRUV
displaying invasion into surrounding tissues, including 
¿EURDGLSRVHWLVVXHPXVFOHPDPPDU\GXFWDQGGHUPLV
ZDVVLJQL¿FDQWO\ORZHULQVK51$WKDQFRQWUROWXPRUVP 
)LJXUH%DQG6XSSOHPHQWDU\)LJXUH6$6%
The in vitroLQYDVLYHQHVVRIVK51$FHOOVZDVQRWIXUWKHU
UHGXFHGE\77;ȝ0VXJJHVWLQJWKDWWKHLPSDLUHG
LQYDVLRQRIWKHVHFHOOVZDVVSHFL¿FDOO\GXHWRWKHDEVHQFH
of Na
v
1.5 activity (Figure 4C). Furthermore, the density 
of cells expressing matrix metalloproteinase-9 (MMP9), 
a marker correlating with invasive capacity in carcinomas 
>@ZDVDOVRVLJQL¿FDQWO\UHGXFHGE\LQVK51$
tumors compared to control tumors (P)LJXUH'
4E). The MMP9 immunoreactivity was generally adjacent 
WRKXPDQQXFOHDUDQWLJHQ+1$SRVLWLYHFHOOVVXJJHVWLQJ
that it is being expressed by tumor cells, rather than by 
+1$QHJDWLYHPXULQHKRVWVWURPDOFHOOV6XSSOHPHQWDU\
Figure S7). Thus, Na
v
1.5 promotes tumor growth and local 
invasion into surrounding tissue in vivo.
7KHUH ZDV QR GLIIHUHQFH LQ WKH GHQVLW\ RI .L+ 
GLYLGLQJFHOOVEHWZHHQFRQWURODQGVK51$WXPRUV)LJXUH
$%6LPLODUO\WKHUHZDVQRGLIIHUHQFHLQWKHGHQVLW\
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of CD31-expressing vascular structures between control 
DQGVK51$WXPRUV)LJXUH&'+RZHYHUWKHGHQVLW\
of activated caspase 3+DSRSWRWLFFHOOVZDVVLJQL¿FDQWO\
LQFUHDVHG E\ IROG LQ VK51$ WXPRUV FRPSDUHG WR
control (P)LJXUH()7KH VK51$KDGQR
effect on apoptosis in the same cells cultured in vitro 
(Supplementary Figure S3B), suggesting that Na
v
1.5/Na+ 
current may regulate apoptosis in vivo, but not in vitro. 
,QWHUHVWLQJO\ȕRYHUH[SUHVVLRQDOVRUHGXFHVWKHGHQVLW\
of apoptotic cells in orthotopic tumors [22]. Thus, both 
Na
v
DQGȕPD\LQFUHDVHWXPRUJURZWKE\UHGXFLQJ
apoptosis.
Na
v
1.5 down-regulation inhibits metastasis
We have previously shown that phenytoin reduces 
PHWDVWDVLV RI RUWKRWRSLFDOO\ LPSODQWHG 0'$0%
cells to the liver, lungs and spleen [23]. Similarly, Na
v
1.5 
inhibition by ranolazine has recently been shown to inhibit 
OXQJ FRORQL]DWLRQ E\ WDLO YHLQLQMHFWHG 0'$0%
cells in an experimental metastasis model [31]. Thus, 
pharmacological inhibition of Na
v
1.5 may be an effective 
tool to reduce metastatic dissemination. However, the 
VSHFL¿F HIIHFW RI 1D
v
1.5 on metastasis of orthotopically 
implanted tumors has not been investigated. Here, we 
monitored metastasis by bioluminescent imaging following 
post mortem resection of orthotopically implanted control 
DQGVK51$H[SUHVVLQJ0'$0%FHOOV)LJXUH$
:H IRXQG WKDW SKRWRQ ÀX[ ZDV VLJQL¿FDQWO\ UHGXFHG LQ
PLFH EHDULQJ VK51$ WXPRUV FRPSDUHG WR PLFH EHDULQJ
control tumors, and in the liver, lungs and spleen measured 
ex vivo (P   IRU ERWK )LJXUH % & :H QH[W
studied metastasis to these organs at the cellular level in 
tissue sections. We detected isolated luciferase-expressing 
tumor cells in sections within all three organs, and also 
LQPXFKODUJHUPXOWLFHOOXODUIRFLLQWKHOXQJV)LJXUH'
) + /XFLIHUDVH H[SUHVVLRQ FRORFDOL]HG ZLWK +1$
ZKLFKLVDEVHQWLQUHFLSLHQWPRXVHFHOOVWKXVFRQ¿UPLQJ
that luciferase expression was retained on the tumor cells at 
PHWDVWDWLFVLWHV6XSSOHPHQWDU\)LJXUH67KHGHQVLW\RI
OXFLIHUDVHH[SUHVVLQJWXPRUFHOOVZDVVLJQL¿FDQWO\UHGXFHG
LQWKHOLYHUOXQJVDQGVSOHHQRIPLFHEHDULQJVK51$WXPRUV
E\aFRPSDUHGWRPLFHEHDULQJFRQWUROWXPRUVP < 
)LJXUH(*,7KXV1D
v
1.5 promotes metastasis 
to the liver, lungs and spleen in this orthotopic tumor model.
Na
v
1.5 down-regulation alters cellular morphology 
and reduces CD44 expression without affecting the 
epithelial-mesenchymal transition
ȕ UHJXODWHV SURWUXVLRQ RI SURFHVVHV IURP WKH
cell body of BCa cells via a trans-homophilic adhesion 
mechanism that requires fyn kinase and Na+ current, 
replicating its role in regulating neurite outgrowth in 
the CNS [22]. Similarly, Na+ current carried by Na
v
1.5 
SURPRWHV SURLQYDVLYH HORQJDWH PRUSKRORJ\ LQ 0'$
MB-231 cells cultured on Matrigel [19, 31]. Thus, VGSC 
activity may represent a general mechanism by which BCa 
cells acquire an elongate, mesenchymal-like morphology. 
Here, we found that down-regulation of Na
v
1.5 expression 
ZLWK VK51$ UHVXOWHG LQ DQ LQFUHDVH LQ FLUFXODULW\ RI
FXOWXUHG0'$0%FHOOVLHDUHGXFWLRQLQHORQJDWH
morphology in favor of a more rounded epithelial-like 
phenotype (P   )LJXUH $ % 7KH UHYHUVLRQ
to a more epithelial-like morphology induced by Na
v
1.5 
down-regulation did not associate with any alteration 
in E-cadherin, N-cadherin, vimentin, slug or snail 
expression, suggesting that Na
v
1.5 does not regulate the 
expression of epithelial-mesenchymal transition (EMT) 
markers (Figure 7C–7G). However, the protein level of 
CD44, which promotes invasion and metastasis of BCa 
FHOOV>@ZDVQRWLFHDEO\UHGXFHGLQ0'$0%FHOOV
H[SUHVVLQJVK51$P)LJXUH+,7KXV1D
v
1.5 
may promote invasion and metastasis, at least in part, by 
inducing morphological changes via modulating CD44 
expression.
Table 1: Na+ current characteristics in tumor regions
Parameter Periphery Intermediate Center P
C
m
 (pF)   12.1 ± 1.1 
V
m
 (mV) í í í 
V
a
 (mV) í í í 
V
p
 (mV)   9.3 ± 3.2 
$FWLYDWLRQ9
1/2
 (mV) í í í 
$FWLYDWLRQk (mV)   5.7 ± 1.5 
,QDFWLYDWLRQ9
1/2
 (mV) í í í 
,QDFWLYDWLRQk (mV) í í í 
T
p
DWP9PV    
$EEUHYLDWLRQV9
a
DFWLYDWLRQYROWDJH9
p
YROWDJHDWFXUUHQWSHDN9
1/2
KDOILQDFWLYDWLRQYROWDJHkVORSHIDFWRU7
p
 time to 
SHDN3HULSKHU\PPIURPWXPRUVXUIDFHLQWHUPHGLDWH]RQH!PPDQGPPIURPVXUIDFHFHQWUH!PPIURP
surface. Data are mean ± SEM.
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DISCUSSION
,QFUHDVLQJ HYLGHQFH VXJJHVWV WKDW 9*6&V DUH
expressed in cells from a range of types of cancer, 
including BCa [13, 14], cervical cancer [34, 35], 
FRORUHFWDOFDQFHU>@OXQJFDQFHU>@O\PSKRPD
>@PHODQRPD>@PHVRWKHOLRPD>@QHXUREODVWRPD
>@RYDULDQFDQFHU>@DQGSURVWDWHFDQFHU>@9*6&
ȕ VXEXQLWV KDYH DOVR EHHQ UHSRUWHG LQ %&D QRQVPDOO
cell lung cancer and prostate cancer [22, 24, 25, 42, 43]. 
,Q %&D FHOOV WKH SUHGRPLQDQW Į VXEXQLW 1D
v
1.5, is 
H[SUHVVHGPDLQO\LQLWVQHRQDWDOVSOLFHIRUP>@$VPDOO
study of patient tissue specimens revealed that the neonatal 
splice variant of Na
v
1.5 is up-regulated in BCa compared 
to non-cancer breast tissue [14]. Here, in a quantitative 
study using a larger patient cohort, we found that Na
v
1.5 
ZDVVLJQL¿FDQWO\XSUHJXODWHGLQEUHDVWWXPRUVFRPSDUHG
with matched non-cancer breast tissue. The commercially 
available antibody used here recognizes both the adult and 
neonatal splice Na
v
1.5 variants, suggesting that although 
Figure 3: Effect of Na
v
1.5 on breast tumor growth in vivo. A. Western blot of Na
v
LQ0'$0%FHOOVVWDEO\H[SUHVVLQJ
FRQWUROVK51$RUVK51$RUVK51$/RDGLQJFRQWURO KHDWVKRFNSURWHLQ+63B. Typical in vitro whole-cell recordings from 
0'$0%FHOOVVWDEO\H[SUHVVLQJFRQWUROVK51$RUVK51$RUVK51$5HFRUGLQJVZHUHWDNHQDIWHUGHSRODUL]DWLRQWRYROWDJHV
in the range − WR  P9 LQ  P9 VWHSV IROORZLQJ D  PV SUHSXOVH DW− P9 C. Peak Na+ current density and D. current-
YROWDJHUHODWLRQVKLSRI0'$0%FHOOVVWDEO\H[SUHVVLQJFRQWUROVK51$RUVK51$RUVK51$n HDFKE. Representative 
ELROXPLQHVFHQWLPDJHVRIPLFHEHDULQJWXPRUVFRQWDLQLQJ0'$0%FHOOVVWDEO\H[SUHVVLQJFRQWUROVK51$³&RQWURO´DQG0'$
0%FHOOVH[SUHVVLQJVK51$³VK51$´ZHHNVDIWHU LPSODQWDWLRQF. Bioluminescence measured from primary tumors on the 
indicated days post-implantation (nG. Calculated volume derived from caliper measurement of primary tumors over the same period 
(n'DWDDUHPHDQ6(0PP
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the neonatal splice variant is predominant [14], splice 
YDULDQW VSHFL¿FLW\ LV QRW UHTXLUHG WR UHOLDEO\ HYDOXDWH
Na
v
1.5 expression in tumors in vivo ,QWHUHVWLQJO\ WKLV
antibody has also been also used to demonstrate up-
regulation of Na
v
1.5 expression in colorectal tumor 
VSHFLPHQV>@$WWKHP51$OHYHOSCN5A expression 
has been shown to correlate with metastasis, recurrence 
DQG UHGXFHG RYHUDOO VXUYLYDO LQ %&D SDWLHQWV > @
However, there was no correlation between Na
v
1.5 protein 
expression and other histopathological characteristics in 
this cohort, although there was a moderate trend towards 
higher Na
v
 H[SUHVVLRQ LQ QRGHSRVLWLYH SDWLHQWV ,Q
conclusion, our data add support to the notion that Na
v
1.5 
is up-regulated in BCa and suggest that further, larger 
scale studies are warranted to explore the relationship 
between Na
v
1.5 expression and other tumor parameters, 
including lymph node metastasis.
Na+ currents have been recorded from a number of 
metastatic cancer cell lines and cancer cells isolated from 
tumor biopsies in vitro using whole-cell patch clamp 
recording, suggesting that VGSCs may be functionally 
DFWLYHLQWXPRUV>@,QDGGLWLRQSKDUPDFRORJLFDO
DQGVL51$VWXGLHVKDYHVKRZQWKDW1D
v
1.5 expression 
LQ PHWDVWDWLF 0'$0% FHOOV SURPRWHV VHYHUDO
cellular behaviors associated with metastasis, including 
migration, galvanotaxis, detachment from substrates, 
and invasion [13, 14, 17, 44]. Similar results have been 
reported in cells from other tumor types, suggesting that 
contribution of VGSCs to migration/invasion of cancer 
cells may be a general phenomenon [4]. However, 
HYLGHQFHVXSSRUWLQJWKHVSHFL¿FLQYROYHPHQWRI1D
v
1.5 
in tumor progression in vivo is limited. Using tissue 
slice recording, we found that functional Na+ currents 
ZHUH UHWDLQHG LQ RUWKRWRSLF WXPRUV ,QWHUHVWLQJO\ WKH
Na+ current density was broadly similar in cells at the 
tumor periphery compared to those deeper into the tumor 
slice, suggesting that Na
v
1.5 expression may be fairly 
uniform within tumors, rather than being up-regulated 
DWWKHLQYDVLYHHGJH7KHVHGDWDSURYLGHWKH¿UVWGLUHFW
in vivoHYLGHQFHFRQ¿UPLQJIXQFWLRQDO9*6&DFWLYLW\
Na+ current in BCa cells tumors in situ, and suggest 
that Na
v
 H[SUHVVLRQ GHWHFWHG E\ ,+& LQ SDWLHQW
Figure 4: Effect of Na
v
1.5 on local invasion from the primary tumor. A. ,PDJHVRI WLVVXHVHFWLRQVIURPWXPRUVFRQWDLQLQJ
0'$0%FHOOVVWDEO\H[SUHVVLQJFRQWUROVK51$³&RQWURO´DQG0'$0%FHOOVH[SUHVVLQJVK51$³VK51$´VWDLQHGZLWK
+	(VKRZLQJLPDPPDU\IDWSDGDQGLLVNHOHWDOPXVFOHLQYDVLRQ$UURZVLQ¿OWUDWLRQRIWXPRUFHOOV7LQWR¿EURDGLSRVHWLVVXH)RU
VNHOHWDOPXVFOH¿EHUV06FDOHEDUȝPB. Number of animals in the experiment whose tumors displayed invasion at the indicated 
sites, detected by H&E staining (n IRUERWKFRQWURODQGVK51$C. In vitroLQYDVLRQRIFRQWURODQGFHOOV77;ȝ0IRUK 
(n PP1HXPDQ.HXOVWHVWD.7XPRUVHFWLRQVVWDLQHGZLWKDQWL003UHGDQG'$3,EOXHE. MMP9+ cells/
mm2 (n = 7). Data are mean and SEM.
Oncotarget32922www.impactjournals.com/oncotarget
specimens may represent, at least in part, functional 
channels. Thus, we propose that Na
v
1.5 should be further 
investigated as a potential biomarker in BCa, and in vivo 
electrophysiological analysis may add value to traditional 
,+&3&5DSSURDFKHVWRVWXG\LQJELRPDUNHUH[SUHVVLRQ
We found that stable down-regulation of Na
v
1.5 
ZLWKVK51$UHGXFHGWXPRUJURZWKin vivo,QDGGLWLRQ
VK51$VOLJKWO\ UHGXFHGSUROLIHUDWLRQ in vitro, although 
.LH[SUHVVLRQZDVXQFKDQJHGin vivo, suggesting that 
SUROLIHUDWLRQZDVQRWVLJQL¿FDQWO\DOWHUHGLQWKHWXPRUV
,QFRQWUDVWVK51$KDGQRHIIHFWRQDSRSWRVLVin vitro, but 
VLJQL¿FDQWO\LQFUHDVHGGHQVLW\RIDSRSWRWLFFHOOVZLWKLQWKH
WXPRUV,QWHUHVWLQJO\WUDQVLHQWLQKLELWLRQRI1D
v
1.5 with 
TTX or phenytoin does not affect proliferation in vitro, 
although the effect on apoptosis has not been previously 
LQYHVWLJDWHG>@7KXV WKHHIIHFWRI1D
v
1.5 on 
proliferation and apoptosis appears to be both subtle 
and complex, and may be dependent on cellular context. 
For example, heterotypic interaction with, and support 
from the tumor microenvironment may be important for 
regulating Na
v
GHSHQGHQWWXPRUJURZWK,QWHUHVWLQJO\
ZH SUHYLRXVO\ UHSRUWHG D VLPLODU VLWXDWLRQ IRU ȕ
which promotes tumor growth in vivo, but not in vitro, 
highlighting the importance of studying VGSC expression/
activity in situ [22].
Our data suggest that Na
v
1.5 promotes local invasion 
and metastatic dissemination to the liver, lungs and spleen 
in vivo7KLV¿QGLQJEURDGO\DJUHHVZLWKD UHFHQWVWXG\
using an experimental metastasis model, in which Na
v
1.5 
down-regulation reduced lung colonization of tail vein-
LQMHFWHG0'$0%FHOOV>@7RJHWKHUWKHVH¿QGLQJV
suggest that Na
v
1.5 may promote both tumor growth and 
metastasis in BCa. The mechanism(s) by which VGSCs 
may promote tumor progression appear complex, and are 
reviewed in detail elsewhere [4, 45]. The prevailing model 
VXJJHVWVWKDWLQ0'$0%FHOOV1D+ current carried 
by Na
v
1.5 allosterically regulates NHE1 to increase H+ 
HIÀX[WKXVHQKDQFLQJWKHDFWLYLW\RIS+GHSHQGHQWF\VWHLQH
FDWKHSVLQSURWHDVHV>@,QDGGLWLRQ1D
v
1.5 expression 
increases src tyrosine kinase activity and cortactin 
phosphorylation to enhance invadopodia formation and 
acquisition of an elongate invasive morphology [19]. 
)XUWKHUFRPSOH[LW\LVDGGHGE\WKHȕVXEXQLWZKLFKDOVR
promotes an invasive elongate cellular morphology, in part 
Figure 5: Effect of Na
v
1.5 on proliferation, apoptosis and angiogenesis. A.7XPRU VWDLQHGZLWKDQWL.L UHG DQG'$3,
(blue). B..L+ nuclei/mm2 (n = 7). C.%ORRGYHVVHOVVWDLQHGZLWKDQWL&'UHGDQG'$3,EOXHD. CD31+ blood vessels/mm2 (n = 7). 
E.7XPRUVWDLQHGZLWKDQWLDFWLYDWHGFDVSDVHUHGDQG'$3,EOXHF.$FWLYDWHGFDVSDVH+ cells/mm2 (n 'DWDDUHPHDQDQG6(0
P6FDOHEDUȝP
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via a trans-homophilic adhesion interaction that requires fyn 
NLQDVH>@,QWHUHVWLQJO\ȕPHGLDWHGSURFHVVRXWJURZWK
also requires Na+ current, suggesting that Na
v
DQGȕ
may function co-operatively in promoting invasion and 
metastasis. Our data here add to this model by suggesting 
that Na
v
1.5 expression does not enhance invasive elongate 
cellular morphology by altering the EMT, but may directly/
LQGLUHFWO\LQÀXHQFHH[SUHVVLRQRIWKHPHWDVWDVLVSURPRWLQJ
&$0&')LJXUH>@$GKHVLRQRI&'WRLWV
ligand hyaluronan results in src activation and cortactin 
phosphorylation [47–49]. Thus, Na
v
1.5 may either directly/
indirectly regulate this signaling cascade, or regulate 
cortactin phosphorylation through a parallel pathway.
,Q FRQFOXVLRQ RXU GDWD VXJJHVW WKDW 1D
v
1.5 is up-
regulated in BCa and promotes both tumor growth and 
PHWDVWDVLV7KXV9*6&ĮDQGȕVXEXQLWVPD\EHJHQHUDO
mediators of an invasive phenotype in tumor cells. Given that 
pharmacological targeting of VGSCs inhibits tumor growth 
and metastasis in vivo>@WKHVH¿QGLQJVVXJJHVW
that Na
v
1.5 expression and/or Na+ current may be a useful 
biomarker for cancer progression, and VGSC inhibition may 
be a novel therapeutic strategy to reduce metastasis.
Figure 6: Effect of Na
v
1.5 on breast cancer metastasis. A. Bioluminescent images of metastases in mice bearing tumors 
FRQWDLQLQJ0'$0%FHOOVVWDEO\H[SUHVVLQJFRQWUROVK51$³&RQWURO´DQG0'$0%FHOOVH[SUHVVLQJVK51$³VK51$´
B. Bioluminescence measured from the indicated anatomical sites (nC. Bioluminescence measured ex vivo from the liver, lungs 
and spleen (n/LYHUD. lungs F. and spleen H.VWDLQHGZLWKDQWLOXFLIHUDVHUHGDQG'$3,EOXHE, G, I. luciferase+ cells/mm2 at 
each site (n'DWDDUHPHDQDQG6(0P)RU%DQG&PEHWZHHQFRQWURODQGVK51$WZRZD\$129$
6FDOHEDUȝP
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MATERIALS AND METHODS
Ethics statement
,QYHVWLJDWLRQ KDV EHHQ FRQGXFWHG LQ DFFRUGDQFH
with the ethical standards according to the Declaration 
of Helsinki and according to national and international 
guidelines and has been approved by the University of 
York Ethical Review Process.
Cell culture
*HQHUDWLRQRI0'$0%FHOOVVWDEO\H[SUHVVLQJ
H*)3DQG¿UHÀ\OXFLIHUDVHZDVGHVFULEHGSUHYLRXVO\>@
0&) FHOOV ZHUH D JLIW IURP 0 'MDPJR] ,PSHULDO
College London. BT474 and SKBR3 cells were a gift from 
-5DH8QLYHUVLW\RI0LFKLJDQ0&)$FHOOVZHUHDJLIW
from N. Maitland, University of York. HEK293 cells stably 
expressing Na
v
ZHUHDJLIWIURP/,VRP8QLYHUVLW\RI
0LFKLJDQ&HOOOLQHVZHUHJURZQLQ'XOEHFFR¶VPRGL¿HG
HDJOH PHGLXP '0(0 VXSSOHPHQWHG ZLWK  )%6
and 4 mM L-glutamine. Molecular identity of cells was 
FRQ¿UPHG E\ VKRUW WDQGHP UHSHDW DQDO\VLV &HOOV ZHUH
FRQ¿UPHGDVP\FRSODVPDIUHHXVLQJWKH'$3,PHWKRG
Pharmacology and in vitro assays
77; ZDV GLOXWHG LQ FXOWXUH PHGLXP WR  ȝ0
Staurosporine was prepared as stock in DMSO and 
WKHQGLOXWHGLQFXOWXUHPHGLXP,QDVVD\VWKDWH[FHHGHG
24 h, treatments were replaced daily. In vitro migration 
and invasion were determined using wound healing and 
Figure 7: Na
v
1.5 regulates CD44, but not EMT marker expression. A. ,PDJHVRI0'$0%FHOOVVWDEO\H[SUHVVLQJFRQWURO
VK51$³&RQWURO´DQG0'$0%FHOOVH[SUHVVLQJVK51$³VK51$´VWDLQHGZLWKDQWL&'UHG6FDOHEDUȝPB. Circularity 
LQGH[RIFRQWURODQGVK51$FHOOVnC.:HVWHUQEORWRI(FDGKHULQLQFRQWURODQGVK51$FHOOV3RVLWLYHFRQWURO 0&)FHOOVD. Western 
EORWRI1FDGKHULQLQFRQWURODQGVK51$FHOOV3RVLWLYHFRQWURO UDWEUDLQE.:HVWHUQEORWRIYLPHQWLQLQFRQWURODQGVK51$FHOOVF. Western blot 
RIVOXJLQFRQWURODQGVK51$FHOOVG.:HVWHUQEORWRIVQDLOLQFRQWURODQGVK51$FHOOVH.:HVWHUQEORWRI&'LQLQFRQWURODQGVK51$FHOOV
I. CD44 protein levels determined by densitometry (n /RDGLQJFRQWUROIRUGHQVLWRPHWU\ĮWXEXOLQ'DWDDUHPHDQDQG6(0P
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0DWULJHO DVVD\V >@$SRSWRVLV ZDV GHWHUPLQHG XVLQJ
'HDG(QG ÀXRURPHWULF 781(/ DVVD\ 3URPHJD &HOO
viability and proliferation were determined using trypan 
EOXHDQG077DVVD\V>@
RNA interference, RNA isolation and PCR
0'$0% FHOOV VWDEO\ H[SUHVVLQJ H*)3 DQG
luciferase were stably transduced with recombinant 
OHQWLYLUXV IRU RQH RI IRXU GLIIHUHQW VK51$V WDUJHWLQJ
Na
v
RUDQRQWDUJHWLQJFRQWUROVK51$DFFRUGLQJ WR
WKHPDQXIDFWXUHU¶VLQVWUXFWLRQV0,66,21S/.2SXUR
VK51$WUDQVGXFWLRQSDUWLFOHV6LJPD6HTXHQFHVDUHLQ
6XSSOHPHQWDU\7DEOH66K51$H[SUHVVLQJFHOOVZHUH
selected using resistance to puromycin and individual 
FRORQLHV ZHUH H[SDQGHG IRU VFUHHQLQJ E\ T3&5 51$
H[WUDFWLRQF'1$V\QWKHVLVDQGT3&5ZHUHSHUIRUPHGDV
described previously [22]. Relative gene expression was 
quantitated using the comparative C
T
PHWKRG>@3ULPHUV
are in Supplementary Table S3.
Patient tissue samples
The study cohort contained tissue samples from 
 %&D FDVHV REWDLQHG IURP WKH %UHDVW &DQFHU 1RZ
7LVVXH %DQN XQGHU WLVVXH UHTXHVW QXPEHU 75
BCa and matched non-cancer breast tissue was available 
IRU  FDVHV 3DWLHQWV SURYLGHG FRQVHQW WR WKH %UHDVW
Figure 8: A model for Na
v
1.5 involvement in tumor progression. Na+ LQÀX[FDUULHGE\1D
v
1.5 allosterically regulates NHE1 
to increase H+HIÀX[ORZHULQJH[WUDFHOOXODUS+DQGHQKDQFLQJFDWKHSVLQSURWHDVHDFWLYLW\>@1D
v
1.5 also increases src activity and 
cortactin phosphorylation, resulting in cytoskeletal changes, invadopodia formation and acquisition of an elongate invasive morphology 
>@7KHȕVXEXQLWHQKDQFHVSURFHVVRXWJURZWKvia a trans-homophilic adhesion mechanism that requires fyn kinase and Na+ current 
[22]. Na
v
1.5 positively regulates CD44 protein expression, which may in turn enhance CD44-mediated src activation and increase cortactin 
expression/activity [47–49]. Na
v
1.5 expression is maintained by a positive feedback mechanism via SURWHLQNLQDVH$ 3.$ > @
$GGLWLRQDOSRWHQWLDOSDUWQHUVLQWKLVVLJQDOLQJQHWZRUNKDYHEHHQRPLWWHGIRUFODULW\DQGDUHUHYLHZHGLQGHWDLOHOVHZKHUH>@)LJXUH
was produced using ScienceSlides software.
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Cancer Now Tissue Bank for their tissues to be used 
for research. Dataset and sample characteristics were 
GHVFULEHG SUHYLRXVO\ >@ ,PPXQRKLVWRFKHPLVWU\ ZDV
performed using the EnVision+ System-HRP kit (Dako) 
and anti-Na
v
 DQWLERG\  $ORPRQH > @
$QWLERG\ VSHFL¿FLW\ ZDV FRQ¿UPHG E\ SUHDGVRUSWLRQ WR
LPPXQL]LQJSHSWLGHUDWLRSHSWLGHDQWLERG\$ORPRQH
IRU  K SULRU WR DSSOLFDWLRQ 5DW KHDUW WLVVXH $EFDP
was used as a positive control for Na
v
1.5 staining in 
D VHSDUDWH H[SHULPHQW 6XSSOHPHQWDU\ )LJXUH 6 ȕ
immunohistochemistry was performed previously [22]. 
6OLGHVZHUHVFDQQHGDW;XVLQJDQ$SHULR6FDQ6FRSH
Na
v
1.5 immunoreactivity in the tumor samples was scored 
independently by two investigators (WJB and RMS, a 
EUHDVW KLVWRSDWKRORJLVW XVLQJ WKH $OOUHG PHWKRG >
51]. The proportion of Na
v
1.5-expressing cells in a given 
VHFWLRQZDVJLYHQDVFRUHQRQHWR
 WR WR! IROORZHG
E\ DQ HVWLPDWH RI VWDLQLQJ LQWHQVLW\ QRQH  ZHDN 
LQWHUPHGLDWH  VWURQJ  DQG WKHQ WKH SURSRUWLRQ DQG
intensity scores were summed to give an overall score of 
±$VFRUHZDVFRQVLGHUHG³ORZ´DQG!ZDV³KLJK´
Scoring was performed blinded to outcome data.
Western blotting
6'63$*(ZDVSHUIRUPHGDVGHVFULEHG>@7KH
following antibodies were used: rabbit anti-Na
v

&HOO6LJQDOLQJ7HFKQRORJ\UDEELWDQWL(FDGKHULQ
&HOO6LJQDOLQJ7HFKQRORJ\UDEELWDQWL1FDGKHULQ
&HOO6LJQDOLQJ7HFKQRORJ\UDEELWDQWLYLPHQWLQ
&HOO6LJQDOLQJ7HFKQRORJ\UDEELWDQWL6OXJ&HOO
6LJQDOLQJ 7HFKQRORJ\ UDEELW DQWL6QDLO  &HOO
6LJQDOLQJ7HFKQRORJ\PRXVHDQWL&' $E'
6HURWHFUDEELWDQWLKHDWVKRFNSURWHLQ+63
&HOO 6LJQDOLQJ 7HFKQRORJ\ DQG PRXVH DQWLĮWXEXOLQ
6LJPD
Orthotopic breast tumor model
$OODQLPDOSURFHGXUHVZHUHSHUIRUPHGDIWHUDSSURYDO
E\ WKH 8QLYHUVLW\ RI<RUN$QLPDO:HOIDUH DQG (WKLFDO
5HYLHZ%RG\DQGXQGHUDXWKRULW\RID8.+RPH2I¿FH
Project License. Six week-old female Rag2íí Il2rgíí mice 
were obtained from the Yorkshire Cancer Research Unit, 
8QLYHUVLW\RI<RUN±SHUVSHFL¿FSDWKRJHQIUHHFDJH
î0'$0%FHOOVVXVSHQGHGLQ0DWULJHO
v/v in saline) were injected into the left inguinal mammary 
IDWSDGRIHDFKDQLPDOZKLOVWXQGHULVRÀXUDQHDQHVWKHVLD
For tumor growth and metastasis assays, a total of 29 mice 
were used across 7 independent replicated experiments. 
Tumor growth was monitored weekly by bioluminescence 
LPDJLQJ >@$QLPDOZHLJKWDQG WKH OHQJWKDQGZLGWK
of each tumor (in mm) were measured every 2–4 days. 
7XPRUYROXPHZDVFDOFXODWHGDVîOHQJWKîZLGWK2). 
Mice were euthanized 4 weeks following implantation of 
tumor cells and metastatic bioluminescence was measured 
>@7XPRUVDQGRUJDQVLWHVRIPHWDVWDVLVZHUH¿[HGLQ
SDUDIRUPDOGHK\GHDQGIUR]HQ>@
Tumor slice preparation for electrophysiology
)RUHOHFWURSK\VLRORJLFDOVOLFHUHFRUGLQJDWRWDORI
DQLPDOVZHUHXVHGDFURVVLQGHSHQGHQWFDJHV)ROORZLQJ
HXWKDQDVLD±GD\VIROORZLQJLPSODQWDWLRQRIFDQFHU
cells), tumors were dissected and quickly placed into 
ice-cold physiological saline solution (PSS) containing 
(in mM): 144 NaCl, 5.4 KCl, 1 MgCl
2
, 2.5 CaCl
2
 
D-glucose and 5 HEPES, (pH 7.2). The tumor was cut to 
aîPPZLWKDUD]RUDQG¿[HGZLWKF\DQRDFU\ODWHJOXH
onto the pre-chilled pedestal of an oscillating tissue slicer 
&DPSGHQ,QVWUXPHQWV7KHWLVVXHEORFNZDVLPPHUVHGLQ
LFHFROG366DQGVOLFHGDWȝP6OLFHVZHUHPDLQWDLQHG
in a homemade tissue holding chamber containing PSS for 
!PLQDWURRPWHPSHUDWXUH&SULRUWRUHFRUGLQJ
,QDOOFDVHVUHFRUGLQJVZHUHWDNHQIURPFHOOVLQWKH
SHULSKHU\PPIURPWXPRUVXUIDFHWKHLQWHUPHGLDWH
]RQH!PPDQGPPIURPVXUIDFHDQGWKH
FHQWHU!PPIURPVXUIDFH
Electrophysiology
The whole-cell patch clamp technique was used 
to record plasma membrane Na+ currents, from cells in 
VOLFHVRUFHOOVJURZQRQJODVVFRYHUVOLSV >@7KH
extracellular recording solution contained (in mM): 144 
NaCl, 5.4 KCl, 1 MgCl
2
, 2.5 CaCl
2
'JOXFRVHDQG
HEPES (pH 7.2), and the intracellular recording solution 
contained (in mM): 5 NaCl, 145 KCl, 2 MgCl
2
, 1 CaCl
2
, 
 +(3(6  (*7$ S+  >@ 9ROWDJH FODPS
UHFRUGLQJVZHUHPDGHXVLQJD0XOWLFODPS%DPSOL¿HU
(Molecular Devices) compensating for series resistance 
E\ ± &XUUHQWV ZHUH GLJLWL]HG XVLQJ D 'LJLGDWD
$LQWHUIDFH0ROHFXODU'HYLFHVORZSDVV¿OWHUHGDW
N+]VDPSOHGDWN+]DQGDQDO\]HGXVLQJS&/$03
 VRIWZDUH 0ROHFXODU 'HYLFHV /HDN FXUUHQW ZDV
VXEWUDFWHGXVLQJD3SURWRFRO>@
Immunohistochemistry and immunocytochemistry
H&E staining was performed as described [22]. 
7KHIROORZLQJSULPDU\DQWLERGLHVZHUHXVHGIRU,+&DQG
LPPXQRF\WRFKHPLVWU\ ,&& >@ UDEELW DQWL003
 $EFDP UDEELW DQWL.L  $EFDP
UDEELWDQWLDFWLYDWHGFDVSDVH5	'6\VWHPV
UDEELW DQWL&' 6DQWD &UX] %LRWHFKQRORJ\ PRXVH
DQWL&'  $E' 6HURWHF PRXVH DQWL+1$
0LOOLSRUH6HFRQGDU\DQWLERGLHVZHUH$OH[D
conjugated goat anti mouse/rabbit, unless stated otherwise 
,QYLWURJHQ7\UDPLGHVLJQDODPSOL¿FDWLRQZDV
used for MMP9 [54]. Samples were mounted in Prolong 
*ROG ZLWK '$3, ,QYLWURJHQ +	( DQG ÀXRUHVFHQW
stained tissue sections were scanned independently 
DW ; XVLQJ D =HLVV $[LR6FDQ= VOLGH VFDQQHU 
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6WDLQHG FXOWXUHG FHOOV ZHUH YLHZHG RQ D =HLVV $[LR
2EVHUYHU= PLFURVFRSH ZLWK /60  FRQIRFDO
ODVHU VFDQQHU ,PDJHV ZHUH H[SRUWHG LQWR ,PDJH- IRU
processing. Brightness/contrast was adjusted using the 
,PDJH- ³$XWR´ IXQFWLRQ 'HQVLW\ RI 003+ .L+ 
or activated caspase-3+ cells, tumor vascularity and 
metastasis to liver/lungs/spleen were measured across 
scanned images of whole sections (3 sections per animal), 
EOLQGHG WR WUHDWPHQW >@ )RU ,&& FRQIRFDO =VHULHV
SURMHFWLRQV ZHUH ÀDWWHQHG XVLQJ WKH PD[LPXP VLJQDO
DQG FLUFXODULW\ >ʌ$UHD@>3HULPHWHU2]) was computed 
IRU LQGLYLGXDOFHOOVXVLQJ ,PDJH-)RUDSHUIHFWFLUFOH
circularity = 1, and for an increasingly elongated shape, 
FLUFXODULW\DSSURDFKHV>@
Data analysis
Data are mean and SEM unless stated otherwise. 
Statistical analysis was performed using GraphPad Prism 
I3DLUZLVHVWDWLVWLFDOVLJQL¿FDQFHZDVGHWHUPLQHGZLWK
tWHVWV0XOWLSOHFRPSDULVRQVZHUHPDGHXVLQJ$129$
and Tukey post-hoc tests, unless stated otherwise. TUNEL 
assay and tumor local invasion data were analyzed by 
WZRZD\$129$0HWDVWDWLFELROXPLQHVFHQFHGDWDZHUH
ORJWUDQVIRUPHG DQG DQDO\]HG E\ WZRZD\ $129$
Correlation was determined using Pearson’s r test. 
$VVRFLDWLRQEHWZHHQ1D
v
1.5 expression and histoclinical 
GDWD ZDV GHWHUPLQHG XVLQJ )LVKHU¶V H[DFW RU Ȥ2 tests. 
5HVXOWVZHUHFRQVLGHUHGVLJQL¿FDQWDWP
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